Background: Gene variants are dependable and sensitive biomarkers for target-specific therapies in breast cancer (BC). However, detection of mutations within tissues has many limitations. Plasma circulating free DNA (cfDNA) has been reported in many studies as an alternative tool for detection of mutations. But the diagnostic accuracy of cfDNA for most mutations in BC needs to be reviewed. This study was designed to perform comparative assessment of the diagnostic performance of cfDNA and DNA extracted from tissues for detection of single nucleotide variants (SNV) and copy number variants (CNV). Methods: True-positive (TP), false-positive (FP), false-negative (FN), and true-negative (TN) values were extracted from each selected study. Pooled sensitivity, specificity, positive likelihood ratio (PLR), negative likelihood ratio (NLR), and diagnostic odds ratio (DOR) were calculated. Subgroup analysis and single study omitted analysis were performed to quantify and explain the study heterogeneity.
Background
Breast cancer (BC) is the most common malignant tumor and the leading cause of cancer-associated death in women worldwide [1] . Studies have shown that mutations in genes related to BC can be used as biomarkers and allow personalized therapy for BC patients [2] .These genes include PIK3CA, TP53, ESR1, and ERBB2 [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
Sensitivity to specific drugs such as everolimus is determined by the somatic mutational status of PIK3CA [10, 13] . APR-246 (PRIMA-1 MET) can target mutant TP53 [14, 15] and ESR1 gene mutations govern the use of anti-estrogen drugs for breast cancer treatment. Single nucleotide variants (SNV) and copy number variants (CNV) are the most common types of mutation in these genes related to BC [5, [16] [17] [18] .
Traditionally, the identification of somatic mutations associated with cancer relies on the sequencing of the DNA isolated from the biopsy specimens. However, there are many disadvantages in this method, since it is invasive and repeated biopsies often yield variable results owing to intra-tumor heterogeneity [19] . Recent studies have shown that the genomic mutations in solid malignant tumors can be identified using cell-free DNA (cfDNA) released from cancer cells into blood circulation. This method forms a noninvasive blood test named "liquid biopsy" [20] . The analysis of cfDNA for detection of mutations may play a major role in personalized cancer treatment owing to many advantages including: (i) a noninvasive method for the detection of clinically useful mutations to guide therapy selection [21] ; (ii) early detection of mutations related to resistance to a targeted treatment [20, 22] ; (iii) a sensitive method for tracking patient's response to therapy [23] ; (iv) minimization of the influences from tumor heterogeneity.
A large number of studies confirm that cfDNA can be used as an alternative tool for the identification of BC biomarkers that provides the ability to overcome the drawbacks of invasive tissue biopsies but the results of these studies are variable. A systematic review and meta-analysis has been published for the analysis of cfDNA based detection accuracy of PIK3CA mutations [24] . However, this study does not review the literature available for detection of mutations in other genes related to breast cancer. In this study, we will perform a systematic review and meta-analysis to integrate the findings of different studies involving the use of cfDNA for the identification of SNVs and CNVs in the most common genes related to BC to comprehensively evaluate the accuracy of cfDNA-based detection of gene mutations in BC.
Method

Literature research strategy
This meta-analysis was performed and reported according to the guidelines about the diagnostic studies [25, 26] . PubMed, EMBASE were searched to identify suitable studies up to the July 30, 2018 and no start data limit was applied. A systematic and comprehensive search was performed with the combination of search terms " circulating tumor DNA " or " circulating tumor-specific DNA " or " circulating DNA " or " Cell-free DNA " or " free DNA " or " plasma DNA ", and " breast " or " breast carcinoma " or " tumor of breast " or " breast neoplasms " or " breast tumor ". No language restriction was set for a more comprehensive analysis, but only English articles were included.
Inclusion and exclusion criteria
Eligible studies were selected based on the following inclusion criteria: i) studies that involve the evaluation of the accuracy of detecting gene mutations in BC patients using cfDNA; ii) studies that include the verification of gene mutations identified with cfDNA following the analysis of tumor tissues; iii) the studies that carry enough data to construct a diagnostic 2 × 2 table; and iv) studies that include that data for more than five patients.
The exclusion criteria included: i) Lack of verification of gene mutations by the analysis of tumor tissues; ii) insufficient data for constructing the 2 × 2 table; iii) reviews, comments, retracted studies, studies in languages other than English and those not on humans; and iv) evaluation of samples from less than five patients.
All the records were reviewed by the two authors (XY and KZ) independently and the consensus was drawn from each eligible study.
Data extraction
The data were independently extracted from the included studies by three authors (XY, KZ and RXP). The fourth author (CJZ) input the data and the fifth author (CMS) assessed the data as well as resolved any disagreements. The data extracted or calculated from the articles included the author's name, publication year, age and pathological stage of the participants, detection methods for different kinds of samples, assay indicators and mutation type, true positive (TP), false positive (FP), false negative (FN), and true negative (TN). With various detection methods, those with best sensitivity or specificity were preferred. In some studies without the original data for TP, FP, TN, FN, the accordance, sensitivity and specificity of gene mutation detection in tissue and plasma were available. Then according to the total number of samples 
Quality assessment
Quality of methodology of the included studies was evaluated based on quality assessment of diagnostic accuracy studies-2 (QUADAS-2) [27] . QUADAS-2 encompasses four key points that include patient selection, index test, reference standard, and flow and timing. According to the Standards for Reporting of Diagnostic Accuracy (STARD), the reference standard is considered to be the best available method for establishing the presence or absence of the condition of interest [28] . Various signaling questions, risk of bias and applicability concerns were judged as "low," "high," or "unknown". Summary of QUADAS plot was generated by Review Manager Software (version 5.3.3, The Cochrane Collaboration).
Statistical analysis
The pooled sensitivity, specificity, positive likelihood ratio [PLR, calculated as sensitivity / (1-specificity)], negative likelihood ratio [NLR, calculated as (1-sensitivity) / specificity], diagnostic odds ratio (DOR) and corresponding 95% confidence intervals (95% CI) were calculated from the TP, FP, FN, and TN values. DOR value is calculated as PLR/NLR [29] . The higher the value of DOR, the higher the diagnostic performance [30] . SROC and AUC were also generated. The effect of threshold was determined through the Spearman correlation between the logit of sensitivity and logit of 1-specificity. Cochran's Q test was used to assess the heterogeneity caused by the non-threshold effect. The P value ≤0.05 and an inconsistency index (I 2 ) value ≥50% indicated significant heterogeneity. Sub-group analyses of SNVs were performed for genes (PIK3CA, TP53, and ESR1) and stages including early breast cancer (EBC including stages I-III) and advanced breast cancer (ABC including high risk stages III and IV). According to the NCCN guidelines, BC of stage III is referred to as locally advanced breast cancer (LABC). According to the ESO-ESMO 2nd international consensus guidelines, ABC comprises both LABC and metastatic breast cancer (MBC) [31] . However, in a study by Beaver (2014) , stage III BC was classified as EBC [32] . In another study [33] , patients diagnosed with BC at stages I-III were grouped together. Therefore, we grouped these studies into EBC subgroup [32, 33] . All the other studies with patients classified into MBC or ABC were grouped into the ABC subgroup.
A sensitivity analysis was also performed to explore the source of heterogeneity and the stability of pooled results. Deek's funnel plot was generated to show the publication bias and the p value < 0.05 indicated the existence of a publication bias [34] . All the statistical analyses were performed using STATA software (version 12.0; STATA Corporation, College Station, TX) with the MIDAS module.
Results
Characteristics of identified studies
Primary computerized literature search was used to identify 1251 records. However, after screening of the titles and abstracts, 1162 studies were excluded because they were either duplicate, non-English, review articles, non-human studies, retracted studies, comments, or irrelevant to the current study. Eighty-nine articles were further reviewed in detail. Out of these, 69 studies were further excluded because of insufficient data for making a 2 × 2 table or lack of standard detection. In a study by Garcia-Saenz JA [35] , H1047R and E545K mutations in PIK3CA gene were detected separately. Because there is no study identifying the combination of H1047R and E545K mutations, these two data were included in this meta-analysis as independent studies. In the study by Beaver [32] , although the patients came from the same population, the detection of cfDNA was conducted at "post-surgery" and "baseline", respectively. Therefore, both studies were included. Finally, 20 studies including 1055 cases were identified as eligible ( Fig. 1 ) for inclusion in the meta-analysis [8, 10-12, 32, 33, 35-48] .
All eligible studies were published between 2010 and 2018. The QUADAS-2 summary plot is presented in Fig. 2 . The main features of the eligible studies are summarized in Table 1 .
Threshold effect and heterogeneity
For detection of SNVs, as shown in the Table 2 and Fig. 4 , significant heterogeneity was noticed in the data accuracy, sensitivity, and specificity when all the studies were pooled. As for the EBC subgroup, the threshold effect analysis demonstrated that the Spearman correlation coefficient and p value were 1.00 and 0.00 (< 0.05) respectively, which suggests there is significant threshold effect among the studies of the EBC subgroup and it is not suitable to pool the effect-quantity of studies. On the other hand, for the ABC subgroup, the heterogeneity was reduced significantly. The Spearman correlation coefficient and p value were 0.02 and 0.92 (> 0.05) respectively, which suggests that there is no significant threshold effect among the ABC subgroup studies and the heterogeneity was not caused by threshold. Sensitivity analysis by single-study omission analysis for ABC subgroup revealed that the pooled results were significantly affected by the studies from Higgins (2011 and 2012) (Table 3) . When these two studies were excluded, the heterogeneity was decreased significantly (I 2 = 28.6%, p = 0.10 and I 2 = 2.81%, p = 0.42). This shows that these two studies contributed to the high level of heterogeneity observed.
For CNV, the heterogeneity of sensitivity and specificity were 0.0% (p = 0.52) and 13.27% (p = 0.33), respectively. The Spearman correlation coefficient and p value were − 0.50 and 0.39 (> 0.05), respectively, which suggests there is no significant heterogeneity and threshold effect among the studies involving detection of CNVs. 
Publication bias
For SNV, the publication bias tested using the Deek's funnel plot was 0.70 (> 0.05) (Fig. 3b) . This suggests that there is no evidence of publication bias for SNV studies.
Since CNV detection studies are less than 10, it is not suitable to perform this analysis on CNV studies.
Diagnostic accuracy
For SNV (ABC), compared to the reference standard test, the pooled sensitivity and specificity were 0.78 ( Table 2 and Figs. 3a, 4 , and 5a). After the studies by Higgins (2011 and 2012), which contributed mainly to the heterogeneity were excluded, the results of these indicators changed very slightly ( Table 2 ). The pooled results of different genes subgroups are shown in Table 2 (Table 2 and Fig. 6 ).
Discussion
This study is the first study involving the evaluation of the diagnostic accuracy of cfDNA for detection of different mutation types (SNV and CNV) and for different genes. Currently, there are other meta-analysis studies on the diagnostic values of cfDNA in BC, such as studies from Wang H et al. and Lin Z et al. [49, 50] . But these studies focus on the quantitative or qualitative evaluation of cfDNA for the diagnosis of BC and the identification of benign breast disease. The results of these studies suggest that plasma cfDNA is of great importance in the screening and diagnosis of breast cancer. However, the current study was mainly designed to evaluate the consistency of non-invasive cfDNA detection of gene mutations using tissue DNA detection as a standard reference.
For SNV (ABC), analysis results of ABC subgroup show that mutation detection has a high degree of consistency between cfDNA and biopsy tissue DNA. Although the pooled results including sensitivity, specificity, PLR, DOR and AUC (0.78, 0.92, 10.3, 40 and 0.91) were all lower than [24] , because the present study included more reports and more genes (PIK3CA, TP53, and ESR1), the conclusions drawn are theoretically more reliable.
Fagan's plot was generated for the visual presentation of the clinical utility of cfDNA. The results revealed that the post-test probability of positive result was raised from 30 to 80% (Fig. 3c) . PLR > 10.0 and NLR < 0.1 was defined generally as clinically useful test. In this study, the pooled PLR and NLR of SNV (ABC) reached 10.3 and 0.24, respectively, indicating that the detection of SNV through cfDNA has significantly high detection rate but exhibits a very low ability for exclusion (Fig. 5b , Table 2 ). In other words, SNV detection using cfDNA qualified as a confirmative assay although it may not be suitable to be used as a test for exclusion. There are also differences among the several common genes, and according to AUC, the diagnostic value of cfDNA for PIK3CA and TP53 is higher than ESR1. This study suggests that for the patients with ABC, the detection of genetic mutations by cfDNA has a high utility of being used as a surrogate of tissue DNA, yet reliable results cannot be obtained in EBC patients because of the obvious heterogeneity.
In the case of CNV, the meta-analysis results showed a good homogeneity among the studies evaluating the use of cfDNA for the detection of CNV. Owing to low sensitivity and AUC compared with the tissue DNA based detection (Table 2) , cfDNA is not very suitable for the detection of CNVs. The reliable conclusions depend on more published research results which can be included in our study. However, as the primitive attempt to Meta-analyze the diagnostic value of cfDNA for detection of CNVs, it still has important significance which can attract more interested researchers to conduct further study.
False negatives observed for cfDNA mainly because of the cfDNA detection limits such as the recovery of cfDNA or non-biological errors deriving from library preparation and sequencing, represent a main barrier for employing super-sensitive cfDNA for identification of markers [51] . But this barrier can be overcome by Fig. 4 The pooled sensitivity (a) and specificity (b) of cfDNA for SNV (ABC) detection were 0.78 (0.71-0.84) and 0.92 (0.87-0.95), respectively which suggests that cfDNA has a higher specificity for SNV detection plasma DNA extraction and new high efficiency methods for enrichment and capture in sequencing. Thus, the analytical sensitivity and specificity can be further improved.
In addition, there are some factors that may cause differences in tissue DNA and cfDNA test results, resulting in the heterogeneity between studies and a bias in the final results. For example, the time of tissue collection or surgery and/or administration of systemic therapy relative to the blood collection, differences owing to the use of stored and fresh biological specimens, differences in the detection methods used for tissue and blood in some studies, and variability of the cfDNA detection methods used. Therefore, in order to get more reliable results, more rigorous inclusion criteria should be set, and tissue and blood samples should be obtained at the same time point. More detailed subgroup design may be required, such as the before treatment, after treatment, different treatment method, different specimen storage time, and different detection method subgroups.
However, there are some limitations of this meta-analysis. Firstly, several studies were small scale, which might lead to a bias. The Deek's funnel plot showed that there is no evidence of publication bias for SNV. But there are very few studies on CNV to test for the publication bias. Thus, more reliable results require more research reports for CNV detection using cfDNA. Secondly, significant heterogeneity was observed in the SNV detection studies. We explored the source of heterogeneity by subgroup analysis, threshold effect analysis and single-study omission analysis. Because of significant heterogeneity in EBC subgroup, these studies were not pooled into meta-analysis. For the studies of ABC subgroup, after studies of Higgins (2011 and were omitted, high level of detection accuracy was observed as shown in the Table 2, indicating that these two studies may be the primary source of heterogeneity. Thirdly, only studies in English were included in this meta-analysis, but there are still several studies written in non-English language that must be taken into consideration. Fourthly, only the studies on the gene mutation analysis using cfDNA in BC were included. There is a more sensitive method for detection of mutation in cfDNA such as integrated digital error suppression (iDES) [51] . But this study was about other cancers instead of BC so it was excluded for this meta-analysis. This may lead to the under-representation of the performance of cfDNA based mutation detection. Fifthly, owing to the significant heterogeneity, the results from EBC subgroup could not be included in the pooled analysis. More homogeneous studies are needed to evaluate the combined diagnostic value of detection of gene mutations by cfDNA. Sixthly, molecular classification of tumors is of great significance for predicting the risk of recurrence and metastasis of breast cancer and its response to treatment. BC is currently classified into four intrinsic subtypes: Luminal A, Luminal B, 'basal-like, ' and Erb-B2 overexpression subtype [52] . But in the studies included in this meta-analysis, there is no sufficient data presented for describing or calculating sensitivity and specificity values based on the molecular classification. The PLR and NLR were 10.3 (6.6-16.2) and 0.24 (0.18-0.32), respectively, indicating that the detection of SNV through cfDNA has a highly significant detection rate but exhibits a poor exclusion ability Therefore, in this meta-analysis study, we did not perform subgroup analyses by molecular classification.
Conclusions
In conclusion, this meta-analysis shows that SNV detection through cfDNA has a high sensitivity, specificity, and accuracy, when the detection with DNA isolated from tissue samples was used as the standard reference. Therefore, it is a promising alternative tool to the tumor tissue for detection of SNV in BC. But for CNV, there is a need for further exploration. 
